Microalgae have been mentioned as a promising feedstock for biodiesel production. In this study, microalgae Chlorella vulgaris (MCV) was cultivated in a bioreactor with wastewater. After biodiesel production from MCV oil via transesterification reaction, chemical and physical properties of MCV methyl ester were evaluated with regular diesel and ASTM standard. Besides, engine performance and exhaust emissions of CI engine fuelled with the blends of diesel-biodiesel were measured. The GC-MS analysis showed that oleic and linoleic acids were the main fatty acid compounds in the MCV methyl ester. Engine test results revealed that the use of biodiesel had led to a major decrease in CO and HC emissions and a modest reduction in CO2 emissions, whereas there was a minor increase in NOx emissions. Furthermore, there was a slight decrease in the engine power and torque while a modest increase in brake specific fuel consumption which are acceptable due to exhaust emissions reduction. The experimental results illustrate considerable capabilities of applied MVC biodiesel as an alternative fuel in diesel engines to diminish the emissions.
INTRODUCTION
In recent years, owing to population growth, increasing people prosperity and development of technologies, energy demand has increased which results in environmental pollution. Therefore, research for finding proper substitute energy has been done and through chemical and biochemical analyses, biofuels have been introduced with various feedstocks as a significant alternative to replace transportation fuels [1] , [2] . Based on feedstocks and production, four generations have been evolved in biofuels.
Microalgae are considered to be one of the best options and attractive feedstocks for biodiesel production, which has higher lipid content and growth rate, lower environmental impact and productivity in unsuitable land and wastewater compared with other generation [3] - [7] . This substance has high CO2 sequestration capability [8] , [9] ; moreover, it can apply the biotechnology modifications to adjust the environments of cultivation [10] , [11] . About 72,500 algae species have been discovered [12] with different characteristics, for instance, some of them have high lipid content but low cell growth, such as Botryococcus braunii and other ones have high growth rate as Chlorella vulgaris [13] . The lipid content for microalgae Chlorella vulgaris has been estimated to be appropriate for industrial production which is about 40-50 % [14] . According to the outputs of some experimental studies, the photobioreactor size and shape, suitable temperature, proper mixing process, depth of light penetration and CO2 supply as a vital component in photosynthesis can improve the biomass productivity and the amount of carbon absorption coefficient [15] - [19] . The biomass remaining after oil extraction can be applied as fertilizers to boost the properties of arable land or it can be used as animal food.
Compared to other fatty acid methyl esters (FAMEs), microalgae biodiesel is claimed to have lower calorific values whereas its cetane number, viscosity and density are higher [19] - [25] . As a result of the higher cetane number in biodiesel, easier auto-ignition would occur [26] . Higher viscosity has several impacts on biodiesel evaporation, spray, and atomization which leads to longer combustion duration [27] . Chen et al. [28] and Satputaley et al. [29] experiments showed that the physical and chemical properties of microalgae methyl ester were in the range of ASTM standards. There are a few studies on considering emissions and performance of the engine while applying microalgae biodiesel as a fuel. Table 1 shows some of these investigations. In these studies, a significant reduction in almost all gaseous emissions were reported by using microalgae biodiesel blends except for NOx emissions. Some studies stated an increase in NOx emissions [24] , [28] , [30] , [31] , [37] with biodiesel injection whereas others reported a reduction [14] , [34] - [36] . Singh et al. [38] compared marine microalgae and Jatropha biodiesel. Their test results showed that NOx emissions of microalgae were 17 % lower than Jatropha biodiesel. Hossain et al. [39] tested microalgae biodiesel which extracted through hydrothermal liquefaction (HTL) at a low-speed diesel engine. Their analyses showed that microalgae methyl ester had a reduction in engine power, CO, and CO2, whereas NOx emissions were increased compared with pure diesel. In most studies, the brake specific fuel consumption (BSFC) of microalgae biodiesel increased and the engine performance reduced compared with pure diesel [30] - [36] .
Though certain reports are available on microalgae biodiesel based effects on CI engine, these studies were conducted under the limited operating conditions for performance and emission profiles, especially CO and NOx emissions. In this paper, the physical and chemical properties of MCV biodiesel and its effects on the CI engine were investigated by using different MCV biodiesel blends at different engine speeds/loads. Thus, quantities of methyl ester were produced with KOH catalyst from MCV biomass which was cultivated in t he photobioreactor. The physicochemical properties of MCV biodiesel were determined and compared with ASTM standards. Then, the performance and exhaust emissions of the single-cylinder engine were investigated while using different diesel-biodiesel blends at different engine speeds/loads. The outputs compared with each other and pure diesel. This research confirms using microalgae biodiesel as an outstanding alternative fuel in the CI engine with minor changes.
MATERIAL AND METHODS
Chlorella vulgaris can be considered as one of the high lipid content feedstock for biodiesel which contains 50 % lipid and the size of Unicellular is 5-10 μm [40] . As a result of low-risk contamination and low rate water evaporation, Chlorella vulgaris was cultivated and produced in a photobioreactor device. To advance biological growth, the parameters such as CO2 and water supply, pH levels, culture density, temperature, and photosynthetic can be improved within the system [41] . This chapter describes the materials and methods ap plied throughout this study and consists of the three major experimental parts which include a description of microalgae cultivation and biomass production, description of lab-scale procedures for conversion of MCV oils to FAMEs, and explanation of the exp erimental test setups for the using MCV biodiesel in CI engine.
Microalgae Cultivation and Biomass Production
The most common device for microalgae cultivation is the tubular photobioreactors [42] . Thus, 50 ml of Chlorella vulgaris species containing 2.5·106 of cells were added to the photobioreactor with 0.6 m 2 surface and then were placed in phototeron room. Nitrogen and phosphorous besides other micronutrients are the essential nutrients for growth and cultivation of microalgae. Besides, MCV has the potential to remove them from highly concentrated nutrient-rich wastewater. The wastewater sample which was collected from municipal drains was evaluated for toxicity and amount of chemical oxygen, nitrogen and phosphorous. The results showed that the amount of oxygen demand was sufficient in wastewater sample, however, nitrogen and phosphorous were not adequate for cultivation. Thus, some nutrients were added to processes for accelerating cultivation and producing valuable biomass. In this study, nutrients and water were circulated by a centrifugal pump which was operated at 200 rpm. The required light for cultivation was provided by projectors and set at 230 μmol·photon/(m 2 ·s). Furthermore, the photobioreactor was equipped with an automatic heating and cooling system that controlled the temperature. The optimum temperature for microalgae cultivation was obtained at 25 °C. There is a complex relationship between CO2 condensation and pH. The most appropriate pH for microalgae cultivation is 7.2 [43] and KNO3 and urea were used for pH fluctuating at this range. A photobioreactors process system for cultivation of microalgae is shown in With an increase in the number of microalgae, due to the consumption of nutrients and low penetration of light into the lower parts, the growth of microalgae was stopped and their density remained stable. At this stage, harvesting for a sufficient amount of microalgae was initiated. Then, a centrifuge machine (Allegra X-22r model) was applied at 2000 rpm for 10 min to separate biomass from the liquid. The collected biomass was dried at 60 °C.
Oil Extension and Methyl Ester Production
The process of oil extension and biodiesel production are shown in Fig. 2 . The Soxhlet solvent apparatus was applied for obtaining the microalgae lipid. In this process, MCV biomass was situated in a reservoir located of Soxhlet and solvent was heated to the boiling point which is approximately 70 °C for about 4 hours. The solvent for this experiment was the mixture of n-Hexane and isopropanol in the ratio of 1:2. The mixture of solvent soaked the MCV biomass and dissolved its lipids. The rotary device was used for separating oil from the solvent-based. The result showed that for gaining 500 ml oil, 1.5 kg of biomass was required.
The transesterification reaction was applied to produce methyl ester derived from MCV oil. In this process, methanol (1 % oil weight) and KOH as the catalyst were added to the oil. The reaction was conducted for two hours at 65-70 °C and stirred at 400 rpm. After the reaction time, the combination of methyl ester, glycerol, and other products such as glyceride were achieved. For isolating the glycerol as the valuable by-product, the flask content was poured into the separating funnel for several hours at 25 °C [44] . For removing unreacted methanol and catalysts, deionized water was used for the leaching of final products. Fig. 3 shows the tested CI engine which was placed in the laboratory of the Agriculture Faculty at Tarbiat Modares University. A single-cylinder CI engine the specifications of which are summarised in Table 2 was coupled to a dynamometer and AC alternator. The performance and exhaust emissions were determined for each MCV biodiesel blend at various engine speed (2000-3000 rpm). For each sample, the engine was tested in the non-load, ____________________________________________________________________________ 2020 / 24 77 half-load, and full-load conditions. The exhaust gas emissions (CO, CO2, HC, and NOx) were determined by Tester MGT5.
Test setup
Owing to achieving the accurate results, the injection pressure was adjusted; moreover, air and oil filters and lubrication oil were changed for each sample. Furthermore, the engine test ran to consume the remaining fuel from previous tests and to reach the steady-state concentration of exhaust gas amount. 
RESULTS AND DISCUSSION

Fuel Characterisation
Fatty acid methyl esters (FAMEs) analysis is a substantial tool for recognising the composition of MCV methyl ester. The FTIR spectrum which is shown in Fig. 4 is used for confirming the perfect synthesis of biodiesel from triglycerides. Since the only change in the Environmental and Climate Technologies ____________________________________________________________________________ 2020 / 24 78 oil structure is replacing the glycerine with methanol in the hydrocarbon chain, the FTIR methyl ester spectrum was quite similar to triglyceride oils.
The GC-MS result of MCV methyl ester which was diagnosed by chromatography (using Technologies Agilent GC device) is summarised in Table 3 . The higher concentration of FAMEs in MCV biodiesel were oleic and linoleic acids, which were respectively 21.8 % and 31.6 %. High levels of oleic acid (longer chain length) led to better oxidative stability while shorter chain length reduced NOx emissions [45] . Moreover, longer carbon chain length increased the cetane number and viscosity of the fuel. Table 4 shows the most important physical properties of MCV methyl esters compare with diesel and ASTM standard. Energy density which is expressed as the heating value (kJ·g −1 ) is one of the important parameters for recognising the quality of fuel. MCV biodiesel had a lower carbon content and a larger amount of oxygen, which justified 18.3 % lower heating value than diesel. Moreover, the cetane number of MCV biodiesel was higher than the limit minimum of ASTM due to its higher oxygen content. The higher cetane number provides a lower delay period and smoother engine operation [46] . Furthermore, the MCV viscosity with 3.7 mm 2 ·s −1 was in the standard range (1.9−6.0 mm 2 ·s −1 ). 
Exhaust Emission Results
Undesirable engine emissions including CO, CO2, HC, and NOx were measured in three different loads for B10 and B20 blends of MCV biodiesel and compared with pure diesel. It has been observed that engine emissions and performance depend on pure diesel and biodiesel's physical and chemical properties, engine type and operating conditions [47] .
HC emissions are depicted in Fig. 5 at different engine speeds for MCV biodiesel blends and pure diesel. Based on the results, HC emissions decreased for all three loads by increasing the biodiesel blends. As compared to diesel, the best HC emissions improvement were observed in MCV20 in which the average decrease was 45.8 %, 48.7 % and 51.1 % at no-load, half-load and full-load respectively. These amounts for MVC10 were respectively 38.6 %, 39.6 %, and 59 % lower than diesel. HC emissions reduction indicated a decrease in combustion delay due to higher cetane number [48] .
CO emissions are produced due to the lack of oxygen during combustion. Fig. 6 shows CO emissions for MCV20 and MCV10 at different engine loads. CO emissions of MCV20 were 36.3 %, 37.7 % and 44.2 % lower than pure diesel at no-load, half-load and full-load respectively. By increasing the engine load or speed and the biodiesel content, the proportion of CO emissions decreased owing to the rich fuel-air mixture and higher cetane number in biodiesel [48] . Besides, the average amount of CO2 emissions was decreased by raising the blend of MCV biodiesel as a result of the lower carbon to hydrogen ratio of biodiesel compared with diesel. CO2 emissions are shown in Fig. 7 for different loads. While using MCV20 as fuel, the average amount of CO2 emissions was 27.8 %, 18.6 % and 5.3 % lower than pure diesel at no-load, half-load and full-load respectively. Analysing CO2 emissions stated that these emissions increase with rising engine load. The NOx emissions are highly dependent on combustion temperature, ignition delay and physicochemical properties of the fuel, and vary linearly with the engine load [47] . According to Fig. 8 , the average increase in NOx emissions for MCV20 were 3.4 %, 4.8 %, and 5.1 % higher compared with diesel at no-load, half-load and full-load respectively. For MVC10, these amounts were respectively 3.0 %, 4.3 %, and 4.7 % higher than pure diesel. The higher compressibility, viscosity and density in the biodiesel blend impact i njection timing and increase NOx emissions [49] .
Engine Performance Results
Performance parameters of the engine including power, torque, and brake specific fuel consumption (BSFC) were evaluated for MCV10 and MCV20 at various engine speeds. Fig. 9 illustrates engine power and torque for MCV biodiesel compared with pure diesel. The power output which was achieved with MCV20 and MCV10 were respectively 79 % and 81.2 % of the average value obtained for pure diesel. The maximum power achieved from MCV20 was 6.22 kW at 3000 rpm in comparison with 8.49 kW for pure diesel. The average reduction in engine torque for MCV20 and MCV10 were respectively 6.7 % and 5.4 % compared to pure diesel. The lowest torque belonged to MV20 with 20.45 N·m at 3000 rpm. Lower heating value and higher viscosity of MCV biodiesel compared with pure diesel are responsible for lower power and torque of engine especially in full-load condition [48] . BSFC which is the unit of fuel consumption rate per power produced is different in biodiesel blends and pure diesel due to different energy content. Fig. 10 shows BSFC of MCV biodiesel blends at half-load and full-load. As can be seen in Fig. 10 , a rise in BSFC occurred by increasing the biodiesel content. The averages BSFC for MCV20 and MCV10 were respectively 15.2 % and 12.6 % higher than pure diesel at full-load. For half-load, these amounts were respectively 12.7 % and 9.5 % higher than pure diesel. Lower calorific value and higher oxygen content result in higher BSFC for MCV biodiesel blends than pure diesel.
Exhaust gas temperature of MCV biodiesel are depicted in Fig. 11 . The average reductions of the exhaust gas temperature for MCV20 and MCV10 were respectively 12. 
CONCLUSIONS
This experimental study aimed to investigate physicochemical properties of MCV biodiesel and to evaluate emissions and performance of diesel engine fuelled with its blends at different loads/speeds. Based on the experimental results, the following conclusions can be drawn:
− The GC-MS of MCV methyl ester showed MCV contained the long carbon chain length; − The higher FAMEs in MCV biodiesel were oleic and linoleic acid by 21.8 % and 31.6 %; − All physical properties of MCV biodiesel were in the range of ASTM standards; − MCV biodiesel had a higher cetane number than pure diesel due to its higher oxygen content; − The heating value of MCV biodiesel was 18.3 % less than pure diesel; − CO emissions of MCV20 were 44.2 % lower than pure diesel at the full-load engine condition; − MCV20 had 27.8 %, 18.6 % and 5.3 % lower CO2 emissions at no-load, half-load and full-load compared with diesel respectively; − The test analyses showed that the effect of MCV biodiesel in HC emissions was statistically significant by 51.1 % reduction for MCV20; − NOx emissions of MCV20 were 5.1 % higher than pure diesel; − MCV20 produced 79 % of the average power obtained from pure diesel; − BSFC of MCV20 was 15.2 % higher than pure diesel, which is consistent with their lower calorific value and higher oxygen content. Finally, results showed that MCV biodiesel can play an important role in the reduction of global air pollution. This superior feedstock was cultivated in wastewaters derived from municipal, agricultural and industrial activities, which potentially provides not only cost-effective but also environmentally friendly biodiesel feedstock. The performance of microalgae biofuel should not be restricted to the combustion characteristics alone, because every step of the production chain of this fuel will reduce the overall greenhouse gas emissions.
